The intracellular distributions of lysosomal and zymogen granule (ZG) membrane proteins were analyzed in the pancreas exocrine acinar cell by cytochemical and immunocytochemical approaches. A strong signal was observed with acid phosphatase (AcPase) in the trans-Golgi network and condensing vacuoles, whereas mature ZG and acinar lumina were devoid of any detectable reaction. The enzyme appears to exit from the regulated pathway by a shedding process during conversion of condensing vacuoles to mature granules. Tiimetaphosphatase (TMPase) shows no reaction in the Golgi apparatus and condensing vacuole but is present in immature granules. The exit from the regulated pathway appears to occur at a later stage of the ZG maturation process. A third lysosomal enzyme, nicotinamide adenine dinucleotide phosphohydrolase (NAD-), was found in the median cisterna of the Golgi stack, was undetectable in condensing vacuoles and ZG, but produced a strong signal in the acinar lumen. Our observations show that only one type of intermediate organelle can explain the transport of that enzyme from the Golgi apparatus to the acinar lumen, and it is rep-
Introduction
The presence of lysosomal enzymes in human pure pancreatic secretions was reported about 15 years ago by Rinderknecht and colleagues (1,2), who showed a parallel release of digestive and certain lysosomal enzymes into pancreatic secretions. Sequential stimulations with secretin and cholecystokynin produced secretory patterns of digestive and lysosomal enzymes that were indistinguishable from each other. However, other lysosomal enzymes present in pancreatic juice, such as B-D-glucuronidase and leucylnaphtylamidase, exhibited secretory patterns distinct from the digestive proteins. A third group of lysosomal hydrolases present in the pancreatic tissue were not secreted. These results strongly suggested that certain lysosomal enzymes were co-packaged with digestive proteins in Supported by a grant from the NSERC of Canada.
* Correspondence ta Adrien R. Beaudoin, Dtpartement de biologie, Facultt des sciences, UniversitE de Sherbrooke, Sherbrooke, Qutbec JlK 2R1, Canada. resented by a subpopulation of lysosomal bodies (LBs) highly reactive for this enzyme. In parallel, immunocytochemical observations with specific antibodies to GPz, a major protein component of the ZG membrane, have confirmed that most of the GPz molecules in the acinar lumen do not derive from the ZG compartment but rather are from a subpopulation of highly reactive lysosomal ~t~c n u e~. Because both NADPase and GPz co-localize in specific lysosomal structures, and because these LBs are extruded in the acinar lumen, we conclude that this subpopulation of LBs is inv o l d in selective transport of some lysosomal enzymes from the Golgi apparatus to the acinar lumen. This selective lysosomal pathway of seaetion can explain the kinetics of GPz transport and release from the acinar cell that cannot be explained either by the constitutive or the regulated path- zymogen granules (ZGs) and released according to the regulated pathway of secretion (3), whereas other lysosomal enzymes were released according to another yet undefined secretory pathway. More recently, Tooze et al. (4) investigated the intracellular distribution and the release of cathepsins B and D from rat exocrine pancreatic cells by an immunological approach. Their observations showed that mature cathepsin B was present in the tranr-Golgi network, condensing vacuoles, lysosomal bodies, ZGs. and pancreatic juice, thereby confirming its secretion via the regulated pathway. In contrast, as observed by Rinderknecht and colleagues for certain lysosomal enzymes, localization of cathepsin D was restricted to the lysosomal compartment and was not secreted (42). Several years ago we investigated the localization of several enzymes in the pancreatic tissue by a cytochemical approach and found that one of them, NADPase, was secreted (5-7). More recently, we described the intracellular distribution of GP2, the major glycoprotein associated with the ZG membrane, and gamma-glutamyl transpeptidase, another glycoprotein associated with thii membrane.
357
We found that GP2 was present in the lysosomal compartment and the acinar lumen of the gland, where it formed a fibrillar network (8) . A comparison of the intensity of the immunocytochemical reaction over the ZG matrix of mature granules with that of the acinar lumen indicated that GP2 was not derived from the ZG compartment and strongly suggested the existence of another pathway of GP2 >emetion (9.10) . This was confirmed when we examined the kinetics of GP2 secretion under resting and stimulated conditions in the rat pancreas. It clearly appeared that this protein followed neither the regulated nor the constitutive pathway of secretion. We then proposed that it was secreted according to a yet undefined mode of secretion sensitive to secretogogues (1 1). In support of this statement, Koshlukova et al. (personal communication) examined the release of GP2 from AR42 J pancreatic cells induced by epidermal growth factor (EGF). Both basal and EGF-stimulated release was similarly unaffected by caerulein, which promotes amylase secretion by a regulated route. In addition, the EGF-stimulated release was not accompanied by significant alterations in intracellular ionic Ca2+ levels. This led them to conclude that this secretion occurs via a novel secretory pathway that is neither regulated nor constitutive, as presently defined. Interestingly, after some pulse-chase studies, Havinga et al. (12) several years earlier, had come to the conclusion that a fraction of the newly synthesized GP2 molecules were transported to the cell surface and released according to a pathway distinct from the regulated pathway. In agreement with these observations, Freedman et al. (13) recently confirmed a nonparallel release of GP2 and amylase in response to different secretagogues.
The observation that GP2 was present in the lysosomal compartment (9.10.14) and its unexpected pattern of secretion in response to secretagogues led us to the hypothesis that some GP2 could be released directly from that compartment in the acinar lumen. Therefore, to define the relationship between the lysosomal compartment and the regulated pathway of secretion involving the trans-Golgi network, the condensing vacuoles, and the ZG compartment, we reassessed the cytochemical distribution of three lysosomal enzymes: acid phosphatase (AcePase), trimetaphosphatase (TMPase). and nucleotide adenine diphosphatase (NADPase). In parallel, we compared the distribution of An-diphosphohydrolase ( ATPDase cytochemistry), gamma-glutamyl transpeptidase. and GP2, three protein components of the ZG membrane, and amylase (immunocytochemistry), a protein of the ZG content. Our analysis led us to the concept of a heterogeneity of the lysosomal compartment and the definition of a specialized subpopulation of lysosomal structures involved in the transport of GP2 to the acinar lumen. On the basis of our observations, we proposed that certain structures carrying lysosomal enzymes are targeted to the apical plasma membranes and are released in toto by an extrusion process in the acinar lumen.
Materials and Methods
Animals. Male Sprague-Dawley ras weighing approximately 300 g were used for these experiments. After a 15-hr fast, the rats were decapitated and their pancreases were excised and kept in saline at 4'C. Cytochemistry on Tissue Sections. Small pancreas lobules of approximately l-mM diameter were dissected and fixed by immersion in 2.0% glutaraldehyde prepared in 0.1 M cacodylate buffer. pH 7.4, for 50 min at 4'C. After fixation the lobules were washed several times in the same buffer containing 4% sucrose. Thick sections were cut with a McIlwain tissue chopper and washed several times at 4'C and once at room temperature (RT) with the buffer used for the incubation medium. Localization of AcPase. ATPDase, TMPase, and NADPase was carried out according to previously described techniques (5-7,15).
Immunocytochemistry. Immunocytochemical localization after embedding in Lowicryl G M was carried out with four well-characterized rabbit antibodies to amylase, GGT, and GP2 according to previously described techniques with protein A-gold complexes (10 nm) (8-10). The first GPz antibody was obtained in our laboratory and was shown to react mainly with the polypeptide backbone of the GPz molecule (9,lO). The second antibody was kindly provided by Dr. Havinga (The Netherlands) and reacts mainly with the carbohydrate portion of the molecule (12).
Ultrastructural Analysis. Pieces of pancreas were fixed in 2.5% glutaraldehyde prepared in 0.1 M sodium cacodylate buffer (pH 7.4) for 1 hr and postfixed in 2 % osmium tetroxide in the same buffer at RT. Pieces of pancreas were then dehydrated in ethanol and embedded in Epon 812. Sections (70 nm) were stained with uranyl acetate and lead citrate (9,14).
Results

Ultrastructural Aspects of Lysosomal Body Distribution
Lysosomal structures are grouped by morphologists as primary or secondary lysosomes, autophagic vacuoles, and residual bodies, and are generally classified as lysosomal bodies (LBs). LBs can also include the so-called prelysosomal compartment, as defined by the presence of mannose-6-phosphate receptors involved in the targeting of certain lysosomal enzymes. In the pancreatic exocrine cells, these different types of LBs and structures that we identified as snakelike tubules are dispersed throughout the cytoplasm. One can frequently find them in close proximity to the apical membrane or dispersed among ZGs. Figure 1 illustrates the apical portion of rat pancreas acinar cells with several LBs. One of them (a residual body) is in the process of being extruded into the acinar lumen; such an extrusion can be observed in resting cells.
Acid Phosphatase Cytochemistry
The intracellular distribution of AcPase has been reported previously by several groups (reviewed in 16). The distribution shown in Figure 2 draws attention to some particular features. First, under normal physiological conditions, the enzyme is usually absent from mature ZGs and the acinar lumen ( Figure 2A ). Second, cytochemical reactivities of LBs are highly variable, as illustrated in Figures 2B and 2C . These figures show two vicinal LBs in the trans-Golgi area. One is highly reactive, the other shows very light precipitates. Most of the AcPase activity was found in the Golgi area, mainly concentrated in trans-Golgi cisternae and condensing vacuoles ( Figure 2D ). In condensing vacuoles, AcPase is apparently shed into the cytoplasm by a vesiculation process, as illustrated in Figure 2E . As shown in the figure, one finds highly reactive budding sites with some unreactive ones, together with positive and negative microvesicles in the area closely surrounding the organelle.
Trimetaphosp hatase
TMPase cytochemistry has been described in the pancreas acinar cell (6, 17) . Here again, we draw attention to some specific and pertinent features in Figure 3 . Under resting conditions, no precipitates were seen in the acinar lumen, mature ZG Golgi, stacked cisternae, and trans-Golgi network (not shown). In contrast, a good reaction signal was seen over some LBs and some "immature" granules ( Figures 3A and 3B ). Again, as for AcPase, some clear concentration of the enzyme appeared at membrane budding sites, with some patches randomly distributed over the secretory granule ( Figure 3B ). In addition, variability in the TMPase reaction among LBs was noted ( Figure 3A ).
NADPase Cytochemistry
The cytochemical localization of this lysosomal enzyme contrasts with the two others described above. Indeed, a strong reaction was seen in one or two median cisternae of the Golgi stack and acini, whereas the enzyme was undetectable in CV and in immature and mature ZGs (Figure 4 ). The intensity of the acinar luminal staining was quite variable, as illustrated in Figures 4B-4D ). Very often, the staining of the acinar lumen was comparable to that of LBs ( Figure 4D ). A key observation was the exocytotic release of NADPase-positive structures into the acinar lumen ( Figure 4A ). This image clearly demonstrates that this lysosomal enzyme can be extruded directly into the lumen from the lysosomal compartment. Determinations of NADPase in the content and membrane of ZGs confirmed the absence of the enzyme from mature ZGs (Gauthier B and Beaudoin AR, unpublished observations).
AWDase Cytochemistry
ATPDase is a ZG membrane protein, activity of which has been found in the plasma membrane (15) . ATPDase was undetectable in LBs, suggesting that the shedding process observed with AcPase and TMPase in condensing vacuoles and immature granules is selective for these lysosomal enzymes. It cannot be excluded that ATPDase would be shed and later inactivated in LBs. However, a strong ATPDase reaction was observed over the typical omega-shaped exocytotic figures with little reactivity in the corresponding lumen, indicating that the enzyme remains associated with the ZG membrane during exocytosis (not shown).
Immunocytochemical Localizations (Amylase, GP2, GGT)
As shown in Figure 5 , a high density of immunolabeling for amy. lase was seen in ZGs. Exocytotic figures could be occasionally seen, and in these cases the densities of gold grains were comparable in the lumen and connected granule matrix ( Figure 5A ). In contrast, GP2 immunoreactivity in the same situation was quite different, with a signal close to background in the ZG matrix compared to a very strong signal in the lumen ( Figure 5B ). As we went through a series of observations, it became clear that the concentration of GPz in the matrix could not account for the labeling intensity of GPz in the acinar lumen. With a second antibody to GP2 (anti-GPz-2) reactive to polysaccharides, more general labeling was observed, but again the low immunoreactivity of the ZG matrix ( Figures 5D and SE) could not account for the luminal reactivity. Immunolabeling of the ZG membrane at the outset of exocytosis was much weaker than that observed with the antibody to GGT, another ZG membrane protein ( Figure 5C ) (compare Figures 5B  and 5C ). GP2 was found in the LBs throughout the cytoplasm (Figure 6 ). The first striking feature was the random and homogeneous distribution of gold grains ( Figure 6A ) within the structures and the density of labeling compared with neighboring ZGs, which showed some reactivity concentrated on their membranes ( Figure  6B ). In particular, Figure 6C shows labeling in an elongated structure, previously identified as a snake-like tubule or basal lysosomes (6.17). We have shown that the latter structures are NADPasepositive tubules which form a network throughout the whole cytoplasm (6) . Figures 6D-6F show different types of LBs with a comparable density of immunolabeling. The immunolabeling obtained with the second GPz-antibody is shown in Figures 6G-61 . The signal was more intense and produced the same general distribution. Figure 61 shows the labeling of an LB in close proximity to the Golgi cisternae. In the luminal area. as observed with the other antibody, with anti-GPz-2 a strong signal, comparable to that seen in the lumen, could be observed in LBs, whereas the ZG matrix still showed little if any reactivity ( Figures 7A-7C) . Figure 7D is a positive control labeled with anti-amylase; LBs are devoid of immunoreaction. Figure 7E is another control with anti-GGT. a marker for ZGs and apical membranes. Some labeling can be seen on the apical membrane, with no signal on LBs.
Discussion
Since the early days of cell biology, the pancreas exocrine cell has been considered a model of choice for the study of cell secretion. The classical studies of Palade and collaborators led to a definition of the regulated pathway of secretion (3) . Their observations inspired many new concepts regarding processing and secretion of proteins. In the years that followed, an alternative route for the transport and release of secretory enzymes was advocated by our group (16, 18, 19) until the constitutive pathway of secretion was demonstrated (20) . We recently reported an unusual secretory behavior of GPz, a protein that appears to be unique to pancreas (1 l). There was some good direct evidence that this protein was released from the pancreas acinar cell according to a secretory pathway distinct from the regulated and the constitutive pathways (1 1.13). but the modalities of its secretion have remained hypothetical until now. In addition we still do not know the role of that protein unique to pancreas, but we have shown that it forms a fibrillar network in the pancreatic ducts (8) .
In this work we demonstrate a novel intracellular itinerary for a fraction of the newly synthesized GP2 molecules on their way to the cell surface. This alternative route is based on the concept that a fraction of the GP2 molecules are channeled into a selective population of lysosomal structures that are positive to the cytochemical NADPase reaction. It is widely accepted that proteins destined to reside in lysosomes transit the early steps of the secretory pathway with secretory proteins. The pathways diverge in the hons-Golgi network, where most of the soluble lysosomal enzymes are sorted in a vacuolar system for delivery to lysosomes. Soluble lysosomal proteins are sorted by a mechanism that requires at least three different recognition steps. Indeed. some lysosomal proteins are recognized and modified by the addition of a unique mannose-6- phosphate residue. The modified proteins are recognized by a specific receptor for mannose-6-phosphate, and the complex is transported by vesicles to the prelysosomal compartment. The mannose-6-phosphate receptor is then uncoupled from the protein and recycled back to the trans-Golgi network. There are other mechanisms for the lysosomal enzymes that do not bear the mannose-6phosphate targeting signal (21-23).
Our cytochemical observations show that AcPase, a lysosomal marker, is present in the tram-Golgi network and condensing vacuoles but is undetectable in ZGs and acinar lumen. During maturation of the secretory vesicle, the enzyme appears to be selectively shed from the condensing vacuoles into the cytoplasm by a budding process. A pinching-off of coated vesicles, heavily studded with intercalated particles. has been reported by Sesso et al. (24) and A light level of labeling is seen on the apical membrane (arrowheads). Original magnifications: A,E x 53,000; E-D x 41,000. Bar = 0.5 pm.
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by our laboratory (16) . The released microvesicles join a population of LBs, some of which are AcPase-positive, and others AcPase negative. These AcPase-positive LBs reside in the pancreas, since this enzyme is not measured in significant amounts in the pancreatic juice (unpublished observations) and cannot be seen in the acinar lumen by cytochemistry under normal conditions. Biochemical analysis has confirmed that AcPase is absent from mature ZGs ( 5 ) . TMPase, another lysosomal enzyme, was not detected in the Golgi saccules and trans-Golgi network, but some positive tubular structures or snake-like tubules and LBs were found dispersed among mature ZGs (6, 7, 17) . TMPase activity could be observed in what we consider immature, or near-mature granules, as judged by electron opacity. Cytochemistry clearly illustrated another budding phenomenon involving this lysosomal enzyme. The released microvesicles and some LBs show a variable degree of reactivity. These images, in our opinion, describe a mechanism of migration of certain lysosomal enzymes from the maturing granule to the lysosomal compartment. However, as mentioned above, cytoplasmic shedding appears to occur at a later stage of ZG maturation compared to AcPase. The reason for this successive elimination is unknown, but it appears to be a reflection of a well-integrated maturation process. The shed TMPase and positive LBs do not reach the acinar lumen, at least in an active form. We believe that these two lysosomal enzymes, TMPase and AcPase, would be part of the third group of lysosomal enzymes that reside in the acinar cells as described by Rinderknecht and co-workers (1,2) . In contrast, the lysosomal enzyme NADP%, mainly observed in the middle cisterna of the Golgi stack, was barely detectable in the Golgi trans-tubular network but was present in LBs, snake-like tubules, and the acinar lumen (6, 7) . A key observation is the LBs in fusion with the apical membrane in what appears to be an exocytotic release process. The fact that condensing vacuoles and ZGs were unreactive indicates a direct passage from the middle and trans cisternae of the Golgi stack to the lysosomal compartment and from there to the acinar lumen, as summarized in Table 1 . Our cytochemical analyses of these three lysosomal enzymes indicate, first, that each of them comes out at a specific step along the classical regulated pathway, second, that they are all directed to the lysosomal compartment, and third, that the LB reactivity is highly variable from one LB to the other, clearly showing a heterogeneity in the LB population. For some lysosomal enzymes, such as AcPase and TMPase, the lysosomal compartment would be their final destination, whereas others, such as NAD-Pase, selectively reach a subpopulation of LBs destined to be secreted by exocytosis. The ZG cytoplasmic shedding process would be highly selective, because some ZG membrane proteins, in contrast to AcPase and TMPase, never reach the lysosomal compartment, as shown with the ATP-diphosphohydrolase and GGT localization.
On the basis of cytochemical and immunocytochemical observations and analysis of pancreatic juice (1, 2, 4, 5, 6, 16) , a first group of lysosomal enzymes are channeled into the regulated pathway, which includes targeting and the packaging processes into the ZG compartment. Why these enzymes escape the lysosomal sorting process is still unknown. A second group of lysosomal enzymes are excluded from the ZG compartment and the regulated pathway (like AcPase, TMPase, and NADPase). These lysosomal enzymes join at least two distinct subpopulations of LBs, one destined to be secreted (NADPase) and the other destined to reside within the acinar cell (AcPase and TMPase).
In the light of these cytochemical observations and the finding of a co-localization of GP2 and NADPase in some LBs (I)), we now interpret the present immunocytochemical localizations of GP2 with two well-characterized GP2 antibodies. A fraction of the GP2 molecules are associated with the ZG membrane, whereas a low reactivity of the ZG matrix indicates that very little GP2 is present in the ZG content in a soluble form and released by exocytosis. The amount of GP2 on the apical membrane is also very small. From our observations, it is clear that this low reactivity of the ZG matrix and ZG membrane cannot account for the signal observed in the corresponding acinar lumen, meaning that under resting conditions the ZG compartment is a minor contributor to the GP2 molecules found in the lumen. As one looks for possible organelles other than ZGs to transport GP2 to the acinar lumen, one can clearly identify some LBs that would form the subpopulation of NADPase-positive lysosomes. The fact that NADPase-positive LBs are extruded into the lumen joined to the co-localization of GP2 and NADPase (I)) leads us to conclude that GP2 is co-transported by this selective subpopulation of LBs and extruded into the acinar lumen. Such a passage of GP2 in the lysosomal compartment provides a plausible explanation for the fact that GP2 molecules found in the pancreatic juice are hydrophilic compared to those found in ZGs (25) . In this NADPase subpopulation of LBs, GP2 is evenly dispersed within the matrix, indicating that it is in a hydrophilic form. Moreover, comparison of the tryptic fragments of GP2 in the ZG membrane with those of the pancreatic juice had previously revealed the disappearance of at least one fragment (26). This fragment may correspond to or be related to the hydrophobic anchor, which could have been clipped off by a lysosomal protease present in this subpopulation of LBs. The exit of GP2 from the regulated pathway and its migration into a selective lysosomal pathway raise the question of the step at which this occurs. It may occur between the trans-Golgi cisternae and the immature granules, as suggested by the marked reduction of both NADPase activity and the number of glycocomponents located on the inner layer of the secretory granule during ZG formation (12, 27) . This selective pathway of secretion involving a passage of GP2 into the lysosomal compartment accounts for the pulse-chase experiments with radioactive amino acids that show a significant output of newly synthesized GP2 molecules at about 30 min, with a peak at 2 hr, well before the peak of labeled digestive secretory proteins derived from the ZG compartment, which is about 7 hr post pulse under resting conditions (12) . There are already some indications about the cellular mechanisms involved in this selective lysosomal pathway. The pathway is sensitive to EGF and insensitive to fluctuations of cytosolic calcium (Koshlukova et al., personal communication).
An alternative explanation for the nonparallel secretion of GP2 from exocrine pancreas in response to secretagogues has implied a luminal coupling between acinar and duct cells (13). This was based on the observation that GP2 secretion was increased in response to hormones that stimulate fluid and bicarbonate secretion and on immunofluorescence studies, which show, according to the authors, an enriched pool of GP2 tightly bound to the apical membranes of acinar cells in addition to ZGs. GP2 secretion would be modulated by two discrete cellular processes: (a) delivery of prereleased GP2 within ZGs to the ductal lumen by exocytosis and (b) enzymatic release of anchored GP2 from the luminal membrane. In our opinion, immunofluorescence does not have the resolution to determine whether GP2 in the lumen is associated with the apical membrane or not. In contrast, our immunocytochemical images show very little GP2 bound to the apical membrane. Furthermore, our ultrastructural observations show that the ZG matrix has very little reactivity with both GP2 antibodies and therefore is not, in our opinion, the main source of GP2 found in the lumen under resting conditions.
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